Fourier transform infrared spectroscopy has been developed for rapid monitoring of the oxidative stabilities of selected vegetable oils, namely corn oil, rice bran oil, soybean oil, and sunflower oil during thermal treatment at 160 • C for 120 h. There were several absorbance changes between non-oxidized and oxidized vegetable oils during thermal oxidation. Peak intensities at 3470, 1655, and 967 cm −1 were increased; meanwhile peak intensities at 3008 and 722 cm −1 were decreased. The R 2 values for the correlation between the absorbance changes at 3008 cm −1 and the specific absorptivities of conjugated dienes for corn oil, rice bran oil, soybean oil, and sunflower oil were 0.938, 0.845, 0.978, and 0.824, respectively. The absorbance changes of Fourier transform infrared spectra at 3008 cm −1 were also correlated with the specific absorptivities of conjugated trienes and p-anisidine values with the acceptable R 2 values. Compared with the conventional technique, the use of Fourier transform infrared spectroscopy for measurement the thermal oxidative stability has some advantages, i.e., it is a rapid technique and no sample preparation. In addition, Fourier transform infrared spectroscopy reduces or eliminates solvents and chemical reagents that are hazardous to human health or to the environment; therefore, Fourier transform infrared spectroscopy can support the campaign of "green analytical chemistry."
INTRODUCTION
The oxidation of fats and oils has been known as a major problem affecting the quality of edible oils [1] because it can change the flavor and nutritional quality of foods and produce toxic compounds, all of which can make the foods less acceptable to consumers. The oxidation products typically include low molecular weight compounds that are volatile as well as undesirable off-flavor compounds, which take place primarily from the breakdown of unsaturated fatty acids during the lipid autoxidation. [2] The oil stabilities during storage or upon heating are vital parameters for ensuring that oil has good performance at MONITORING OXIDATIVE STABILITY USING FTIR SPECTROSCOPY 1595 elevated temperatures. [3] Vegetable oils undergo extensive oxidative deterioration during storage, marketing, or heating; [4] therefore, the measurement of oxidative stability of vegetable oils and their products is very important in order to determine shelf life, acceptability, and nutritional quality of edible oils. [5] Numerous techniques have been used for the assessment of edible oil oxidation, because oxidation involves several stages, as reviewed by Gray. [6] Such techniques are organoleptic, chemical methods (peroxide value for monitoring the early stages of oxidation, thiobarbituric acid, conjugated diena, conjugated triena, and anisidine value), and instrumental techniques using chromatographic and spectroscopic based methods. Conjugated dienes (CDs) and conjugated trienes (CTs) are often used to measure the primary oxidation products of hydroperoxide, whereas p-anisidine value (p-AV) is one of the methods used for the monitoring of secondary oxidation products. [7] The chemical methods can provide an indication on the oxidation level of vegetable oils; however, these methods are impractical or too laborious, time consuming, destructive to evaluated oils, and usually use a number of samples, glass apparatus, and toxic reagents. Therefore, in order to overcome these drawbacks, numerous new methods have been proposed to replace or to complement the chemical methods. [8] One of the developed methods is Fourier transform infrared (FTIR) spectroscopy due to its ability to monitor certain absorption bands, which changed during oxidation. [9] In food studies, FTIR spectroscopy has been used for quantitative analysis of fat in mayonnaise [10] and for analysis of other nutritional constituents of foods in dairy products, muscle tissue, and cereals. [11] The objective of this research was to develop a FTIR spectroscopic technique as an alternative method for the assessment of oxidative stability of selected vegetable oils (corn oil, rice bran oil, soybean oil, and sunflower oil) by making the relationship between the concentration of CDs, CTs, and p-AV with certain absorbance changes at specific FTIR spectra regions, which directly related to oxidation products.
MATERIALS AND METHODS
Corn oil (CO), rice bran oil (RBO), soybean oil (SO), and sunflower oil (SFO) were obtained from a local market in Selangor, Malaysia. All of the reagents and solvents used in this study were of analytical grade. All oils were stored at −20
• C until being used for analysis in order to maintain their freshness.
Sample Preparation
First, 200 ml of CO, RBO, SO, and SFO were placed in a 500 mL beaker and subjected to heating in a conventional oven (Memmert Laboratory, Memmert, Germany). at 160 ± 1
• C for a period of 120 h. To follow the degradation process of vegetable oils during the heating period, at each 12-h interval, 5 mL of the oil samples were immediately taken from the oven and were collected in glass vials. These oils were kept at room temperature until being cooled and were further subjected to analytical measurements in the same day.
Determination of Iodine Value and Fatty Acid Analysis
Iodine value was determined according to AOCS method Cd 1d-92. [12] The composition of fatty acids in the studied oils was determined according to Rohman and Che Man. [13] 
Measurement of Conjugated Dienes (CDs) and Conjugated Trienes (CTs)
CDs and CTs were determined according to the procedure described by Frankel et al. [14] The oil samples (0.05 g) were accurately weighed into 10-mL volumetric flasks, dissolved in isooctane, and made up to the mark with the same solvent. The mixtures were shaken thoroughly and their absorbances were measured for the determination of CDs and CTs using UV-Vis spectrophotometer U-2810 (Hitachi, Tokyo, Japan) at 234 and 270 nm, respectively, on a quartz cuvette (1 cm). These absorbances were used for calculating the specific absorptivity of CDs and CTs.
Determination of p-Anisidin Value (p-AV)
p-AV was determined according to AOCS [10] and Erkan et al. [15] An aliquot of 0.5 g of oil samples was accurately weighed on analytical balance (sensitivity 0.1 mg) and dissolved with 25 mL of n-hexane. This solution was read using a UV-Vis spectrophotometer U-2810 (Hitachi, Tokyo, Japan) against n-hexane as a reference and recorded as A 1 . In another separate run, a 5-mL portion of the sample solutions was mixed with 1 mL of p-anisidine solution (2.5 g/L glacial acetic acid). Accordingly, a blank solution composed of 5 mL of n-hexane instead of sample solution was prepared. The sample and blank solutions were kept in the dark at ambient temperature for 10 min and the absorbance of the sample solution (A 2 ) was measured against the blank solution.
p-AV was calculated as follows:
where A 1 and A 2 are the measured absorbancies, as described above; m is the mass of oil.
Measurement of FTIR Spectra
FTIR spectra of non-oxidized and oxidized oil samples were directly recorded at accessory of attenuated total reflectance (dimension 10 mm × 60 mm) using FTIR spectrometer (Nicolet 6700 from Thermo Nicolet Corp., Madison, WI, USA). The oil samples were directed in good contact with attenuated total reflectance (ATR) at controlled room temperature (20 • C). FTIR spectra of oil samples were collected in a frequency region of 4000-650 cm −1 by co-adding 32 scans and at resolution of 4 cm −1 . All spectra were rationed against a background of air spectrum. After every scan, a new reference air background spectrum was taken. These spectra were recorded as absorbance values at each data point in triplicate. The software Omnic version 6.1 (Nicolet, Madison, WI, USA) was used to treat and manipulate spectra.
Statistical Analyses
All measurements of CDs, CTs, and p-AV were done in at least three replications. Data were presented as mean ± standard deviation (SD). Data from chemical and fatty acid analyses were subjected to analysis of variance (ANOVA) using SPSS version 17 (SPSS Inc., Chicago, IL, USA) to identify the differences among means. Statistical significance was declared at P < 0.05.
RESULTS AND DISCUSSION

Fatty Acid (FA) Compositions
FA composition is one of the factors affecting the oxidation of edible oils, besides oil processing; energy of light or heat; the concentration and type of oxygen; and the presence of transition metals, thermally oxidized compounds, pigments, and antioxidants. These factors interactively affect oil oxidation, and it is not easy to differentiate the individual effect of these factors. [16] FA compositions, especially monounsaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFA) together with iodine values (IV) of evaluated vegetable oils were shown in Table 1 .
Edible oils with high IV, such as SO and CO stored in the dark, showed a significant shorter induction period than those with low IV. [17] Vegetable oils with more unsaturated FAs are oxidized more rapidly than less unsaturated ones. If the level of unsaturation rises, the formation rate and the amount of primary oxidation products will increase. [18] Choe and Min, [16] in their review, reported that the relative rate of auto-oxidation reactions of oleic, linoleic, and linolenic acids was as 1:40-50:100, respectively, based on the oxygen uptake. From Table 1 , it can be seen that RBO and SFO were rich in MUFA and had a lower level of PUFA compared with CO and SO. Meanwhile, SO contained the highest level of PUFA, which was significantly different from others (P < 0.05). Based on PUFA concentration, these values suggested that SO is more susceptible to oxidative reaction followed by CO > SFO > RBO.
FTIR Studies of Non-Oxidized and Oxidized Vegetable Oils
FTIR spectra of non-oxidized oils at mid infrared region (4000-650 cm −1 ) were shown in Fig. 1 . The prominent peaks responsible for IR absorptions with certain vibration modes were described in our previous paper. [19] During thermal oxidation, there were several FTIR spectral changes of CO, RBO, SO, and SFO at mid infrared region (3600-650 cm −1 ). Figure 2 is an example of FTIR spectra change of corn oil during thermal oxidation at 160
• C up to 120 h. The peak intensities at 722 cm −1 were decreased, caused by the loss of cis double bonds; meanwhile, the increase of trans double bonds during thermal oxidation can be observed by increasing peak intensities at 967 cm −1 . The increase of another peak can be seen in regions of 1744 and 1655 cm −1 , which is due to the formation of carbonylic compounds and cis allylic during thermal oxidation. Two peaks at 2853 and 2923 cm −1 remained nearly unaffected. The peak at 3008 cm −1 was decreased because of the decrease of cis allylic (C=CH) bonds. Finally, a low absorbance increase was observed around 3470 cm −1 , corresponding to the formation of hydroxyl group (-OH) formed during thermal oxidation. [9] 
The Specific Absorptivity Values of CDs and CTs of Vegetable Oils
The determination of CDs and CTs values in unsaturated lipids is a sensitive assay, but the magnitude of changes in absorption is not easily related to the extent of oxidation. However, during the early stages of oxidation, the increase in UV absorption due to the formation of CDs and CTs is proportional to the uptake of oxygen and to the generation of peroxides. Therefore, the content of CDs and CTs can serve as a relative measurement of oxidation. [20] The contents of CDs and CTs were expressed with the specific absorptivity values of CO, RBO, SO, and SFO. Generally, the specific absorptivity values of CDs were increased during the course time of oxidation, as shown in Table 2 . There was a significant different (P < 0.05) of all CDs values during thermal treatments for CO and SO; meanwhile, no significant differences were observed during 36 and 48 h as well as during 96 and 108 h for RBO. For SFO, the CDs values were not significantly different for 60 and 72 h, 84 and 96 h, and for 108 and 120 h at significance level of 0.05. The highest increase of CDs was observed in SO. The increase of CDs values was in agreement with the contents of PUFA as shown in Table 1 with the order of SO > CO > SFO > RBO. The specific absorbtivity values of CDs were further correlated with absorbance changes at peak region of 3008 cm −1 in order to obtain the relationship for both parameters. A peak at 3008 cm −1 correlates with the decrease of unsaturation of cis double bonds; [19] meanwhile, CDs can be thought of as the formation of conjugated double bonds because of the oxidation processes. Figure 3 showed the linear regression for the relationship between the absorbance changes at 3008 cm such correlation of studied oils were in the range of 0.824-0.978, indicating that a linear relationship exists for both parameters. These results suggested that the absorbance changes at 3008 cm −1 can be proposed as a stability index for lipid-containing foods. Table 3 compiled the specific absorptivity values of CTs of CO, RBO, SO, and SFO during thermal treatment at 160
• C for 120 h. As CDs values, the similar modes were observed for CTs. An increase of CTs values was observed for the studied vegetable oils during thermal oxidation. It can be stated that the conjugated trienoic systems were developed during thermal oxidation. Among the studied oils, SO exhibited the highest increase of CTs values during oxidation for 120 h, followed by SFO, CO, and RBO. The CTs values were not significantly different at 48 and 60 h, 24 and 36 h, as well as 36 and 48 h at a significance level of 0.05, for CO, RBO, and SO. In SFO, there is no significant difference (P = 0.05) during thermal oxidation between 36 and 48 h, 60 and 72 h, as well as between 84 and 96 h.
In order to propose that absorbance changes at 3008 cm −1 can be used as an alternative method for the measurement of CTs values rather than conventional technique using Table 4 listed p-AVs of these vegetable oils during thermal oxidation for 120 h. For all vegetable oils evaluated, p-AV increased as a function of temperature treatments. The initial p-AV of SO was the highest among others, however, at the last treatment, SO has not appeared yet to be the highest p-AV compared with RBO and CO. This phenomenon may be explained by the presence of some natural antioxidants, such as tocopherol and phenolics compounds, in the used SO, which is much more compared to those in RBO and CO.
Furthermore, in order to make the relationship between FTIR absorbance changes and p-AV, a linear regression was built for such a purpose. Peak changes at 1654 cm −1 were chosen for making the relationship between absorbance changes (x-axis) at 1654 cm −1 and p-AV (y-axis). This peak directly attributed to cis double bonds (olefinic group) formed during thermal oxidation. [9] In addition, p-AV measured double bonds in studied oils produced during thermal oxidation. , therefore, another absorbance change was preferred to be correlated with p-AVs. Frequency at 3008 cm −1 is related to the reduction of cis-allylic bonds; meanwhile, p-AV indicates the formation of 2-alkenals, which has double bonds in its structure. For this reason, the absorbance changes at this 
CONCLUSION
The application of FTIR spectroscopy as an alternative technique for measuring the oxidative stabilities of edible oils can overcome some drawbacks when using chemical analysis, such as time consuming, destructive to the evaluated oils, involvement of the number of samples, glass apparatus, toxic solvents, and hazardous reagents, which are harmful to human health and to the environment. During thermal oxidation, absorbance changes at a frequency region of 3008 cm −1 can be used to measure the conjugated dienes (CDs) and trienes (CTs) as well as p-anisidine value.
